Introduction
Following fusion of the Human Immunodeficiency Virus type 1 (HIV-1) envelope with the recipient cell plasma membrane, the two viral RNA molecules are reversed-transcribed by the viral reverse transcriptase (RT). This results in the formation of numerous unintegrated viral cDNA molecules. 1, 2 Integration of the cDNA molecules into the host chromosomal DNA is mediated by the viral enzyme integrase (IN), 3 which is packed within the invading virus particles and released into the infected host cells. 4, 5 HIV-1 IN catalyzes the integration reaction via two successive steps: the 3'-end-processing step, in which a dinucleotide is removed from the viral long terminal repeat (LTR) within the cytoplasm, 6, 7 and a strand-transfer step in which the viral DNA is inserted into the host chromosomal DNA. 6, [8] [9] [10] The strandtransfer step necessitates nuclear import of viral IN-DNA complex or of the complete pre-integration complex (PIC). The exact molecular mechanism as well as the viral and cellular proteins required for nuclear import of these complexes are still unclear and controversial. [11] [12] [13] [14] [15] [16] [17] [18] [19] Several studies have shown that despite the fact that each infected cell contains numerous copies of both IN and viral cDNA molecules, only a limited number (1 or 2) integration events can be detected per cell. 1 Recently, we suggested that the limited number of integration events observed in HIV-1-infected cells is due to Rev-induced inhibition of IN enzymatic
Nucleocytoplasmic shuttling of HIV-1 integrase is controlled by the viral Rev protein
activity. 20, 21 The HIV-1 Rev is a 116 residues protein, which has been assumed to be expressed after the integration process is complete. 22 It bears a well-defined nuclear localization signal (NLS) and nuclear export signal (NES) sequences that enable its nucleocytoplasmic shuttling. 22 Rev has been implicated in nuclear export of unspliced and partially spliced viral RNA molecules following its specific interaction with a Rev-responsive element within the viral transcripts. 22 Thus it appears that the viral IN and Rev operate at two completely different stages of the viral life cycle. 3, 22, 23 However, there is strong accumulating evidence that Rev transcripts can also be expressed from unintegrated viral cDNA, resulting in the appearance of Rev molecules before the initiation of integration. 20, [24] [25] [26] For example, Rev can be easily detected in cells infected by a mutant HIV-1 bearing an inactive IN, confirming expression from unintegrated cDNA molecules. 20, [24] [25] [26] We have previously shown that the HIV-1 Rev and IN proteins interact with each other and form Rev-IN complexes in virus-infected cells 20, 27 as well as in vitro. 28 The in vitro experiments revealed that the interaction with Rev inhibits IN enzymatic activity. 21 Rev-derived peptides (Rev 13-23 and Rev 53-67) also inhibited the enzymatic activity of the HIV-1 IN. 28 These cell-permeable Rev-derived peptides inhibited integration of the viral cDNA in virus-infected cells. 20, 21, 28 Inhibition of viral DNA integration was also observed when cells overexpressing Rev were infected with the wild-type (WT) HIV, suggesting an
In the current study we show that the Rev protein of Human Immunodeficiency Virus type 1 (HIV-1) inhibits nuclear import and mediates nuclear export of the HIV-1 integrase (IN) protein, which catalyzes integration of the viral cDNA. Interaction between IN and Rev in virus infected cells, resulting in the formation of a Rev-IN complex, has been previously described by us. Here we show that nuclear import of the IN, is inhibited by early expressed Rev. No nuclear import of IN was observed when Rev-overexpressing cells were infected by wild-type HIV-1. Similarly, no translocation of IN into nuclei was observed in the presence of Rev-derived peptides. On the other hand, massive nuclear import was observed following infection by a ∆Rev virus or in the presence of peptides that promote dissociation of the Rev-IN complex. Our results show that IN is only transiently present within the nuclei of infected cells. Treatment of infected cells with leptomycin B caused nuclear retention of the Rev-IN complex. Removal of the leptomycin from these treated cells resulted in nuclear export of both Rev and IN. On the other hand, disruption of the nuclear located Rev-IN complex resulted in export of only the Rev protein indicating Rev-mediated nuclear export of IN. Our results suggest the involvement of Rev in regulating the integration process by limiting the number of integration events per cell despite the presence of numerous copies of viral cDNA.
observed at increasing time of infection in all experiments. This may be due to the fact that infection is not synchronized and may last for a relatively long time, especially in case when the added virus is not removed after adsorption. Essentially the same cytoplasmic and nuclear localization patterns were obtained for IN and Rev in infected LEDGF/p75-knockdown cells (Fig. 1C  and D) , eliminating the possibility that LEDGF/p75 participates in the nuclear import of IN.
The interaction between Rev and IN inhibits nuclear import of IN. When a ∆Rev virus was used to infect the HeLa-P4 cells, an entirely different picture emerged ( Fig. 2A) . Already at 6 h PI, the viral IN could be seen within the nuclei of the infected cells. Even at 20 h PI, IN continued to accumulate within the nuclei and appeared to be intranuclear. Essentially the same results were obtained when the intracellular localization of IN was monitored by western blot analysis ( Fig. 2B and for quantitative analysis see Tables S1 and S2 ). When Rev-overexpressing cells were infected with the WT HIV, no nuclear accumulation of IN was observed by either immunofluorescence staining (Fig. 2C) or western blot analysis (Fig. 2D) , indicating Rev-induced inhibition of IN nuclear import. In contrast to IN, the Rev protein was detected throughout the cell ( Fig. 2C and D) .
Inhibition of IN nuclear import by the Rev protein was confirmed by co-expression of both proteins in transfected cultured HeLa cells (Fig. 2E) . In cells expressing only IN or Rev, the majority of the expressed proteins were localized in the nuclei. On the other hand, when both proteins were co-expressed, no nuclear import was observed and both proteins appeared to be localized within the cytoplasm (Fig. 2E) .
When the intracellular localization of the viral DNA was quantitatively estimated (Fig. 3) , a similar pattern to that described in Figure 2A -D was observed. In cells infected by the WT virus, about 20% of the viral DNA was intranuclear at 16 h PI (compare results in Fig. 3A and B) . On the other hand, similar to the IN protein (Fig. 2) , in cells infected with the ∆Rev virus, about 80% of the viral DNA was found within the nuclei of the infected cells. In Rev-overexpressing infected cells, almost no viral DNA was intranuclear, meaning that most of it remained cytoplasmic ( Fig. 3A and B) . Estimation of viral 2LTR circles (which are present only in the nuclei of infected cells 5 ) confirmed that in cells infected with the ∆Rev virus, the quantity of these molecules was much higher than in WT-infected cells. No 2LTR circles were detected in Rev-overexpressing-infected cells (Fig. 3C) .
Similar to the Rev protein ( Fig. 2C and D) , the two previously described 28 IN-interacting Rev-derived peptides [Rev 13-23 ( Fig. 4A and B) and Rev 53-67 (not shown)], blocked nuclear import of IN without affecting the intracellular localization of Rev. The opposite effect, inhibition of Rev and augmentation of IN nuclear import, was observed following the addition of the Rev-interacting IN-derived peptides 21 INr-1 ( Fig. 4C and D 20 The notion that formation of the Rev-IN complex induces inhibition of IN in virus-infected cells can also be inferred from experiments showing that disruption of these complexes results in stimulation of integration. 20, 21 This may be achieved by IN-derived peptides (INrs), which promote dissociation of the Rev-IN complexes in vitro 21 as well as in vivo. 20 Support for the view that the limited number of integration events in HIV-infected cells is due to the presence of an inhibitory Rev was also obtained from experiments showing multiple integration of cDNA following infection by a ∆Rev virus. 20 In the present work, we used immunostaining and western blot analysis of isolated cellular fractions to study the intracel- virus, whose Rev NES sequence is mutated 29 or following treatment of WT-infected cells with leptomycin B, which inhibits Rev Nuclear Export. 30 In summary, our present results demonstrate the involvement of Rev in inhibiting IN nuclear import and mediating IN nuclear export. . Both the IN and low levels of the expressed Rev were present within the cytoplasm at 6 h PI. In contrast, most of the cellular Lens Epithelium Derived Growth Factor p75 (LEDGF/p75) protein was localized within the nuclei of the infected cells. Monitoring the localization of IN at different times PI revealed that it became intranuclear only at 10 h PI, while at 16 and 20 h PI it was exclusively cytoplasmic, indicating either nuclear export or degradation (or both). A somewhat different picture was obtained when the localization of Rev and LEDGF/p75 was studied (Fig. 1A) . Between 10 and 20 h PI, Rev was present throughout the entire cell while LEDGF/ p75 was localized mainly to the nuclei. We have shown before that the ability of IN to integrate the viral cDNA is regulated by interplay between the inhibitory viral Rev and the stimulatory LEDGF/p75 proteins. 27 Western blot analysis confirmed the results obtained by the immunofluorescence staining regarding the intracellular localization of IN and Rev, as well as of the intranuclear localization of the cellular LEDGF/p75 (Fig. 1B and for quantitative analysis see Tables S1 and S2 ). An increase in the amount of the IN was is differentiated from integrase that is produced after infection from the viral DNA. However, any IN-DNA molecules that escape interaction with the cytoplasmic Rev and are translocated into the host-cell nucleus may then interact with the intranuclear Rev, which promotes dissociation of IN from the cDNA, 28 inhibits its activity and expels it from the nucleus in the form of Rev-IN complex (see proposed model in Fig. 7) . At this stage it is entirely unclear whether IN is exported from the nuclei together with the other PIC components or rather an IN-deficient PIC remains located within the nuclei of the infected cells.
Results

HIV-1 IN is transiently
Inhibition of IN nuclear import by Rev is evident from the experiments showing that IN is only cytoplasmic in infected cells treated with Rev-derived peptides or following infection of Revoverexpressing cells. The failure of the Rev-IN complex to penetrate the nuclei of infected cells is probably not due to the size of the complex, which is able to exit the nuclei. Rather, it may be due to mutual masking of the NLSs of both proteins. This can be inferred from studies which elucidated the domain mediating the interaction between these two proteins. is not surprising since the IN is considered to be a karyoophilic protein and has even been claimed to mediate nuclear entry of the viral cDNA. 12, [32] [33] [34] [35] [36] [37] [38] [39] The involvement of Rev in IN nuclear retention once it is intranuclear should be inferred from our experiments showing preservation of nuclear IN in cells infected with the Rev M10 mutant virus or in leptomycin B-treated cells. It has been well established that in both of these cells, Rev remains intranuclear, being unable to exhibit nuclear export activities. 29, 30 Thus it appears that any Rev-IN complex, similar to the Rev itself, will remain intranuclear in these cells. 29, 30 It is conceivable that due to a certain degree of the Rev-IN complex dissociation, small amount of both Rev and IN are translocated into the nuclei but because of the presence of the Rev NES, Rev-IN complexes formed in the nuclei are exported to the cytoplasm (a possibility demonstrated in the present work). This may indicate that as opposed to the NLS domains, which are presumably masked in the Rev-IN complex, the Rev NES domain is not. In the presence of leptomycin, nuclear retention of Rev results in nuclear accumulation of both Rev and IN as a Rev-IN complex.
Inhibition of Rev nuclear export promotes nuclear accumulation of IN. When the HeLa-P4 cells were infected with the Rev M10 HIV mutant, the viral Rev was constrained to the cell's nuclei (Fig. 5A and B) . Surprisingly in these cells also IN was exclusively located in the nucleus (Fig. 5A and B) . This is in contrast to cells infected by the WT virus, in which IN was only transiently intranuclear ( Fig. 1A and B) . Intranuclear localization of Rev and IN was also obtained when WT-infected cells were treated with a cell-permeable peptide bearing the Rev NES sequence, which inhibits nuclear export of Rev 31 (not shown). The differences observed between the intracellular localization of IN in the Rev M10-and WT-infected cells (see Fig. 1A ) may imply that Rev mediates nuclear export of IN. Similarly, intranuclear localization of both IN and Rev was also obtained when nuclear export of Rev was inhibited by leptomycin B in WT-infected cells (Fig. 6A and B) . This further supports the assumption that Rev mediates nuclear export of IN. Removal of leptomycin B, which allows nuclear export of Rev, also resulted in nuclear export of IN (Fig. 6C and D) . On the other hand, addition of the INr peptides, which promote dissociation of the Rev-IN complex, 20, 21 prior to and during the leptomycin B wash resulted in nuclear export of only Rev while IN remained intranuclear ( Fig. 6C and D) . Dissociation of the intranuclear Rev-IN complex by the INr peptides was further supported by the results depicted in Figure 6E : A relatively high degree of integration, about 7 integration events/cell, was obtained following the addition of the INr peptides to the leptomycin B-treated cells compared to 1-2 integration events/cell observed in the absence of the INrs (Fig. 6E) .
Discussion
We previously explained the low degree of integration events observed in HIV-infected cells by the ability of Rev to inhibit IN enzymatic activity following the formation of a Rev-IN complex. 20, 21 Based on these results, we assumed that the Rev-IN complex fails to catalyze the integration reaction in vivo. 20 Dissociation of the Rev-IN complex by IN-derived peptides abrogated the inhibitory effect of Rev in vitro and stimulated the degree of integration in vivo. 21 The results of the present work suggest that HIV-1 developed two additional Rev-dependent regulatory steps to ensure low levels of cDNA integration. We show that immediately after infection, Rev inhibits nuclear import of IN (probably bound to the viral DNA within the PIC), thereby reducing the probability of translocation of free IN-DNA complexes into the intranuclear space and thus interaction with the host chromosomal DNA. It is unclear how incoming integrase (virion associated) lacking an NES sequence, remains intranuclear and therefore is able to stimulate the integration reaction. In summary, it appears that together with our previous observations, 20, 21 ,28 the present results convert the Rev protein from an accessory viral protein 22 to a major regulator. Thus, according to our results, Rev controls crucial steps during both the early cDNA integration and the late viral RNA nuclear export stages of the HIV life cycle.
Materials and Methods
Cells.
Monolayer adherent HEK293T cells, HeLa-P4 cells overexpressing Rev, IN or both and HeLa-P4 cells were grown in Dulbecco's modified Eagle's medium (DMEM). The T-lymphocyte cell lines Sup-T1, H9 and Rev-overexpressing H9 were grown in RPMI 1640 medium. Cells other than the Revoverexpressing cells were provided by the NIH Reagent Program, Division of AIDS, NIAID, NIH (Bethesda, MD). Cells were incubated at 37°C in a 5% CO 2 atmosphere. All media were supplemented with 10% (v/v) fetal calf serum, 0.3 g/l L-glutamine, 100 U/ml penicillin and 100 U/ml streptomycin (Biological Industries, Beit Haemek, Israel). HeLa-P4/shp75Cl15 cells, a generous gift from Prof. Z. Debyser (Molecular Medicine, K.U. Leuven, Flanders, Belgium), were grown as described in. 41 Sup-T1/TL3 (LEDGF/p75 knockdown) cells, a generous gift from Prof. Poeschla (Department of Molecular Medicine, Mayo Foundation, Rochester MN), were grown as described previously. 42 Rev/IN-overexpressing cells were generated by transfection into HeLa-P4 cells 43 with pcDNA3.1 plasmid bearing the full Rev, IN or both.
Viruses. WT HIV-1 (HXB2, 44 ), as well as the IN mutant D64N D116N, 45 were generated by transfection into HEK293T cells 43 of the virus-containing plasmid. ∆Rev pLAIY47H2, 46 and Rev M10, 29 HIVs were generated by transfection into Rev-overexpressing cells. Viruses were harvested and stored as described in. 21 The pLAIY47H2, 46 Our observation that nuclear accumulation of IN is transient and no intranuclear IN is present in late stages of infection is somewhat unexpected since no NESs have been been identified within its sequence. Furthermore, in cultured cells expressing only IN, it accumulated within the nuclei with no indication of its ability to undergo nuclear export. 40 The view serially diluted virus (wild-type, ∆Rev or Rev M10 HIV-1) as described. 47 Two days post-infection (PI), cultured cells were fixed and β-galactosidase was estimated exactly as described previously. 47 Blue cells were counted under a light microscope at 200X magnification. Also the amount of viral RNA was estimated by real time reverse transcription PCR as described in. 48 Cancer Institute and Division of AIDS, Harvard Medical School, Boston, MA).
Virus stock titration and normalization. Quantitative titration of HIV-1 was carried out using the MAGI assay, as described. 47 Briefly, TZM-b1 cells were grown in 96-well plates at 1 x 10 4 cells per well. The cells were infected with 50 µl of at different multiplicity of infections (MOI) with the indicated virus for 2 h at 37°C. Cells were washed three times with PBS and incubated in DMEM. Peptide synthesis and purification. Peptides were synthesized on an Applied Biosystems (ABI) 433A peptide synthesizer and purification was performed in a Gilson HPLC using a reversephase C8 semi-preparative column (ACE, Advanced Chromatography Technologies, USA) as described previously.
20,49
Study of cellular localization by western blot. Cells were infected at MOI of 15 for the indicated viruses. Cells were Infection of cultured cells. Cultured lymphocytes were infected exactly as described. 21 Briefly, cultured lymphocytes (1 x 10 5 ) were centrifuged for 5 min at 2,000 rpm and after removal of the supernatant the cells were resuspended in 0.2 to 0.5 ml of RPMI 1640 medium containing virus at the indicated multiplicity of infection (MOI). Following absorption for 2 h at 37°C, the cells were washed to remove unbound virus and then incubated at the same temperature in RPMI 1640 medium. Cultured monolayer cells (HeLa-P4, Rev overexpressing cells and HeLa-P4/shp75Cl15 cells) were grown for 24 h before infection, then the medium was discarded and cells were incubated antibodies (Jackson). When peptides were used, cells were incubated with 150 µM of the indicated peptide for 2 h prior to infection. Leptomycin B was used at 150 pM. Quantitative estimation of the bands was performed by Image Gauge V3.46 software (Fujifilm) (See Tables S1 and S2) .
Isolation of cytoplasm and nuclei from infected cells. The various fractions were obtained from virus-infected cells essentially as previously described 51 with several modifications. Briefly, cells were harvested and washed twice in buffer A (20 mM Hepes pH 7.3, 150 mM KCl, 5 mM MgCl 2 , 1 mM DTT and 0.1 mM harvested at different times PI, washed three times in PBS and lysed by the addition of PBS containing 1% (v/v) Triton X-100 for whole-cell lysate, or cytoplasm and nuclei were isolated as described below. The lysate or the isolated fractions were subjected to SDS-PAGE and immunoblotted with a monoclonal antiRev antibody (α-Rev), 50 for 15 s, 60°C for 30 s, 72°C for 5 min). During the secondround PCR, the first-round PCR product could be specifically amplified by using the tag-specific primer (tag-F 5'-ATG CCA CGT AAG CGA AAC TC-3') and the LTR primer (LTR-R 5'-AGG CAA GCT TTA TTG AGG CTT AAG-3') designed by PrimerExpress (Applied Biosystems) using default settings. The second-round PCR was performed on 1/25 th of the firstround PCR product in a mixture containing 300 nM of each primer, 12.5 µl of 2X SYBR Green master mixture (Applied Biosystems) at a final volume of 25 µl, run on an ABI PRIZM 7700 (Applied Biosystems). The second-round PCR cycles began with DNA denaturation and a polymerase-activation step (95°C for 10 min), followed by 40 cycles of amplification (95°C for 15 s, 60°C for 60 s).
For generation of a standard calibration curve, the SVC21 plasmid containing the full-length HIV-1 HXB2 viral DNA was used as a template. In the first-round PCR, the LTR-TAG-F and LTR-R primers were used and the second-round PCR was performed using the tag-F and LTR-R primers. The standard linear curve was in the range of 5 ng to 0.25 fg (R = 0.99). DNA samples were assayed with quadruplets of each sample. For further PMSF). Cells were then suspended in 200 µl of buffer A with 0.025% (w/v) digitonin and incubated at room temperature for 10 min. Cells were centrifuged for 3 min at 1,000 g at room temperature. The supernatant was then centrifuged at 8,000 g and separated into supernatant (cytoplasm) and pellet (nuclei) and stored at -70°C.
Quantitative analysis of copy numbers of HIV-1 DNA integrated into the cellular genome. The integration reaction, as well as the integration events, were performed exactly as described previously. 21 Briefly, Integrated HIV-1 sequences were amplified by two PCR replication steps using the HIV-1 LTR-specific primer (LTR-TAG-F 5'-ATG CCA CGT AAG CGA AAC TCT GGC TAA CTA GGG AAC CCA CTG-3') and Alu-targeting primers (first-Alu-F 5'-AGC CTC CCG AGT AGC TGG GA-3' and first-Alu-R 5'-TTA CAG GCA TGA GCC ACC G-3'). 52 Alu-LTR fragments were amplified from 10 ng of total cell DNA in a 25-µl reaction mixture containing 1X PCR buffer, 3.5 mM MgCl 2 , 200 µM dNTPs, 300 nM primers, and 0.025 units/µl of Taq polymerase. The first-round PCR cycle conditions were as follows: a DNA denaturation and polymerase activation step of 10 min at 95°C and then 12 cycles of amplification (95°C five washes with PBS + 0.05% Tween 20 between antibodies. For detection of DNA, cells were stained with DAPI according to the manufacturer's protocol. Slides were prepared with Mounting Media (Bio-Rad) and immunofluorescent cells were detected with an Olympus confocal microscope.
To draw comprehensible conclusions from our microscopic observations, several steps had to be taken to better visualize the labeled viral proteins: (1) Cells were infected with a very high titer of virus (MOI of 25). (2) Relatively high concentrations of antibodies were used. (3) For detection of immunolabeled proteins, slides were overexposed. For clarification, the same samples following the high exposure (Figs. S1 and S2 ) and original low exposure (Figs. S3 and S4 ) have been added to the supplementary data.
All of the experiments described in the present work were repeated at least three times.
